Jr. Dynamic convergence and divergence of renal genomic and biological pathways in protection from Dahl salt-sensitive hypertension.
pathways are likely involved. This is illustrated by our previous work on molecular networks underlying Dahl salt-sensitive hypertension, which has led to several novel discoveries regarding the overall network (9) and specific components of the network (11, 20, 22, 23) .
The effort to identify genomic pathways and regulatory networks, however, is hampered by poor understanding of the general nature of such complex interactions. In particular, several broadly relevant questions crucial to the use of consomic and congenic strains for pathway and network analysis remain largely unanswered. Would a genomic region or a gene always impact on a defined set of pathways, regardless of the composition of the rest of the genome? Should a narrow genomic region be expected to affect a subset of the pathways that are affected by a larger genomic region that encompasses the narrow region? If two or more distinct genomic regions are identified to be associated with a disease phenotype, does it necessarily mean that two or more distinct sets of pathways must be involved? Investigators have made various assumptions on these questions as they embark on the challenging task of searching for genomic pathways and regulatory networks, yet the validity of any of these critical assumptions remains largely untested.
The Dahl salt-sensitive (SS) rat is a genetic model of human salt-sensitive forms of hypertension and renal injury (1, 19, 24) . The development and characterization of consomic and congenic strains derived from SS rats and salt-resistant BrownNorway (BN) rats (http://pga.mcw.edu/) have yielded a series of new insights into the genetics and pathophysiology of Dahl salt-sensitive hypertension and renal injury. Introgression of eight different BN chromosomes, including chromosome 13, or several nonoverlapping regions of BN chromosome 13, into the SS genome significantly attenuates salt-induced hypertension and/or renal injury (2, 13, 16) . Several biological pathways have been found that may contribute to the protection from salt-induced hypertension and/or renal injury observed in the consomic BN strain compared with SS rats. Examples include attenuated oxidative stress (20) , reduced local levels of glucocorticoids (11) , and improved fumarate metabolism (22, 23) .
In the present study, we used SS rats, consomic SS-13 BN rats, and two congenic rat strains to examine the dynamics of genomic and functional pathway recruitment and utilization resulting from chromosome segment substitution and to determine whether shared or independent pathways contribute to the antihypertensive effects of different regions of chromosome 13. Renal cortical and medullary gene expression profiles were analyzed in the four strains of rats at 6 -7 wk of age fed a 0.4% NaCl diet since weaning or an 8% NaCl diet for 3 and 7 days. Effect of the high-salt diet on arterial blood pressure was examined at 6 -9 wk of age and then at 9 -12 wk of age to determine whether genomic expression differences in young rats in response to a high-salt diet would predict the blood pressure and renal injury responses observed at a later age. The result indicated several important features of pathway utilization that would be relevant to the understanding of Dahl salt-sensitive hypertension and renal injury as well as other complex disease phenotypes.
MATERIALS AND METHODS
Consomic and congenic rats. The generation of consomic and congenic rat strains has been described previously (2, 16) . The consomic strain SS-13 BN was developed from selective breeding of the salt-resistant BN rat (BN/MCWi; BN) and the Dahl SS rat of the Medical College of Wisconsin (MCW) colony (SS/JrHsdMcwi; SS). The genome of SS-13 BN contained homozygous SS alleles on all chromosomes, as confirmed by total genome scans, except chromosome 13, which was homozygous BN as confirmed by a scan at a higher density. Congenic strains SS.BN-(D13Rat111-D13Got22) and SS.BN-(D13rat151-D13rat197) were developed from SS and SS-13 BN . The D13Rat111-D13Got22 segment (14 Mbp) and the D13rat151-D13rat197 segment (16 Mbp) of chromosome 13 were homozygous BN in the two congenic strains, respectively, while the remainder of chromosome 13 and all other chromosomes were homozygous SS. For simplicity, SS.BN-(D13Rat111-D13Got22) and SS.BN-(D13rat151-D13rat197) are referred to as Line 5 and Line 26, respectively, following the nomenclature used in the initial report of the congenic panel (16) . The MCW Institutional Animal Care and Use Committee approved all experimental protocols.
Chronic measurement of arterial blood pressure. Arterial blood pressure was measured in 8 -17 male rats of each of the four strains, SS, consomic SS-13 BN , congenic Line 5, and congenic Line 26, by radiotelemetry (25) . All rats had been maintained on a 0.4% NaCl diet (Dyets, Bethlehem, PA) since weaning. Baseline blood pressure was recorded from 9:00 AM to noon for several days ϳ1 wk after catheterization. The rats were then switched to an 8% NaCl diet (Dyets). Arterial blood pressure was monitored at several time points until day 14 on the high-salt diet. Rats were 5-6 or 8 wk old at the time of catheterization and 6 -9 or 9 -12 wk old when blood pressure was measured.
Urinary protein, albumin, and thiobarbituric acid-reactive substance. Urine samples were collected from 6-to 7-wk-old male uninstrumented rats over several 24-h periods with metabolic cages. Urinary concentrations of protein and albumin were measured as described previously (9) . Thiobarbituric acid-reactive substance (TBARS) was measured with an assay kit from Cayman Chemical.
Dietary protocol and sample preparation for microarray experiment. A total of 72 rats, 18 for each of the 4 strains, were used for the gene expression study. Dietary treatment, tissue collection, and RNA extraction were performed as described previously (8, 9) . Rats were male and 6 -7 wk old. Tissues were harvested from rats on the 0.4% NaCl diet or at 3 or 7 days after the rats were switched to the 8% NaCl diet. A total of 72 individual RNA samples were generated for each of the two tissues, the renal cortex and the renal outer medulla (4 strains ϫ 3 time points/strain ϫ 6 rats/group ϭ 72 samples). The quality of each total RNA sample was assessed with Agilent 2100 BioAnalyzer. The RNA Integrity Number was above 0.8 for all samples. Aliquots from every two samples were pooled. The pooled samples, three per group, were used for mRNA profiling experiments. The original individual samples, six per group, were used in real-time PCR experiments.
Affymetrix GeneChip analysis. mRNA abundance profiles were analyzed with Affymetrix GeneChip rat genome 230 2.0 arrays, the 3= IVT Expression kit, and the Hybridization, Wash, and Stain kit according to instructions from Affymetrix. A total of 72 arrays were hybridized (4 strains ϫ 3 time points/strain ϫ 3 pooled samples/ group ϫ 2 tissues ϭ 72 arrays). Each array contained probes for 28,000 rat genes.
Briefly, 5 g of total RNA was reverse transcribed with T7-oligo(dT) primers. Double-stranded cDNA was used as the template for 16 h of in vitro transcription to generate amplified RNA (aRNA). Biotinylated ribonucleotides were incorporated into aRNA during in vitro transcription. Purified and fragmented aRNA was hybridized to the array at 45°C for 16 h. Hybridized microarrays were washed and stained with the Affymetrix Fluidics Station-450 and scanned with the Affymetrix Scanner 30007G.
Signal intensities from each microarray were normalized to a median of 500 with the MAS algorithm. Normalized signal intensities were analyzed with Statistical Analysis of Microarray (SAM) and two-way ANOVA to identify genes differentially expressed between SS and each consomic or congenic rat strain over the time course of dietary salt treatment. Criteria for differential expression included false discovery rate (FDR) Ͻ10%, strain effect P Ͻ 0.01, absolute difference of signal intensity Ͼ 184, and "present" calls for at least 50% of the samples involved in the comparison. Pathways that the differentially expressed genes were involved in were identified and analyzed with version 7 of the Ingenuity Pathway Analysis (IPA) package, which contained 134 signaling pathways and 80 metabolic pathways.
Real-time PCR. Real-time PCR analysis was performed in the original individual samples (n ϭ 6) with the use of SYBR Green chemistry (17) to verify some of the array data. Primers and reagents were from SABiosciences. 18S rRNA was used as the normalizer.
Statistics. Data were analyzed with analysis of variance (ANOVA) and are reported as means Ϯ SE. P Ͻ 0.05 was considered significant.
RESULTS

Introgression of two regions of BN chromosome 13 attenuated salt-induced hypertension and renal injury.
Salt-induced hypertension was significantly attenuated in consomic SS-13 BN and congenic Line 26 in male rats 6 -9 wk of age (Fig. 1A) . After 14 days on the 8% NaCl diet, mean arterial blood pressure (MAP) increased by 60 mmHg in SS rats, 24 mmHg in SS-13 BN rats, and 33 mmHg in Line 26 rats. A two-way repeated-measures ANOVA analysis indicated significant strain effects, diet effects, and strain-diet interactions when SS was compared with SS-13 BN or Line 26. The difference between SS and SS-13 BN or Line 26 was also observed in male rats 9 -12 wk of age (Fig. 1B) .
MAP did not differ significantly at the age of 6 -9 wk between SS and Line 5 rats (Fig. 1A) . The development of salt-induced hypertension, however, was significantly attenuated in 9-to 12-wk-old congenic Line 5 rats. MAP was increased by 44 mmHg in SS rats and only 30 mmHg in Line 5 rats after 14 days on the 8% NaCl diet (Fig. 1B) .
Proteinuria and albuminuria were significantly ameliorated in SS-13 BN , Line 5, and Line 26 rats compared with SS rats at 6 -7 wk of age (Fig. 1, C and D) .
Gene expression profiles were consistent with phenotypic characteristics. A new approach to examining the correlation between genotype, gene expression, and phenotype was developed, and the result is shown in Fig. 2 . Congenic Line 5 and Line 26 rats resembled SS rats more closely than they did SS-13 BN rats in terms of genomic makeup ( Fig. 2A) . The genomic segment that contained sequence differences between SS-13 BN , Line 5, Line 26, and SS rats is ϳ111, 14, and 16 Mbp, respectively. Line 5 and Line 26 contain sequence differences from SS-13 BN in 97 and 95 Mbp of chromosome 13, respectively, while Line 5 and Line 26 differ from each other in segments of 30 Mbp.
The euclidean distance between every two strains of rats was calculated for MAP and urinary albumin excretion based on the data shown in Fig. 1 . The method of calculation was similar to that described previously (8) . Line 26 appeared to resemble SS-13 BN more closely than SS in regard to salt-induced changes in MAP (Fig. 2B) . Salt-induced hypertension in Line 5 was closer to SS at 6 -9 wk of age but moved closer to SS-13 BN at 9 -12 wk of age (Fig. 2B) . In terms of renal injury as reflected by urinary albumin excretion, Line 5 and Line 26 resembled SS-13 BN much more closely than they did SS, as shown in Fig. 2C .
Approximately 20,000 genes were detectable in the renal cortex or medulla in the GeneChip analysis of the four rat strains on the 0.4% NaCl diet or after 3 or 7 days on the 8% NaCl diet. The euclidean distance between every two strains of rats was calculated based on the signal intensities of the 20,000 genes. The result showed that mRNA expression profiles in congenic Line 5 and Line 26 resembled SS-13 BN more closely than they did SS in both the renal cortex and medulla (Fig. 2D) . Expression profiles in Line 26 were more similar to SS-13 BN than Line 5 was (Fig. 2D) .
Differentially expressed genes and pathway analysis. According to the criteria described in MATERIALS AND METHODS, 1,259, 977, and 1,165 genes in the renal cortex were differentially expressed in SS-13 plemental Tables S1-S6 . 1 Differentially expressed genes that are located in the substituted genomic region in each strain are highlighted in yellow.
Real-time PCR analysis of 15 genes and 18S rRNA was performed in 108 samples, involving 3,456 PCR reactions, and largely confirmed the differential expression indicated by the array analysis. The genes to be validated were selected based on their pathway affiliation or genomic location, not on the degree of differential expression. The overall level of concordance between the array analysis and the real-time PCR analysis was 80% (Supplemental Table S7 ). The P values and differential expression calls shown in Supplemental Table S7 represent the strain effect in a two-way ANOVA analysis of strain and diet effects.
Genes differentially expressed between SS and SS-13 BN , Line 5, and Line 26 rats fell, respectively, into 85, 91, and 67 metabolic or signaling pathways in the renal cortex and 93, 72, and 83 in the renal medulla according to IPA. The number of statistically overrepresented pathways ranged from 4 to 16. All pathways are shown in Supplemental Tables S8 -S13. Statistical overrepresentation of a pathway based on IPA suggested a greater likelihood that the function of the pathway was affected. Lack of overrepresentation, however, did not rule out the involvement of a pathway. Changes in rate-limiting steps would change the function of a pathway even if many other genes in the pathway were not differentially expressed. Accordingly, the subsequent analysis described below was performed for overrepresented pathways as well as all pathways.
Several pathways shared by congenic Lines 5 and 26. The 14-Mbp and 16-Mbp genomic segments introgressed in congenic
Line 5 and Line 26, respectively, did not overlap (16) . In other words, the two strains had distinct genomic differences compared with SS. However, the development of hypertension was attenuated in both strains, and, as shown in Fig. 3 , gene expression profiles indicated that Line 5 and Line 26 shared alterations in several overrepresented pathways compared with SS. Shared alterations in pathways were particularly abundant in the renal outer medulla (Fig. 3B) , where 7 of the 18 overrepresented pathways were found in common. In the renal cortex (Fig. 3A) , a single shared pathway related to Fc␥ receptor-mediated phagocytosis in macrophages and monocytes was identified.
Substantial overlaps also existed when all pathways were examined, including those not overrepresented. Compared with SS, Line 5 and Line 26 shared 41 affected pathways in the renal cortex and 60 pathways in the renal medulla (Fig. 4) . Not more than 29 pathways in the cortex and 28 in the medulla would be expected to be shared by Line 5 and Line 26 if the pathways were randomly selected.
Pathways altered in a congenic strain were not just a subset of those altered in the consomic strain. The genomic segment substituted in Line 5 or Line 26 was a part of chromosome 13 that was introgressed in SS-13 BN . However, several pathways that were affected in Line 5 or Line 26 were not affected in SS-13 BN . Ten of the 12 overrepresented pathways in the renal cortex in Line 5, and 2 of the 4 in Line 26, were not among the overrepresented pathways in SS-13 BN (Fig. 3A) . In the renal medulla, 2 of the 11 overrepresented pathways in Line 5 were not among the overrepresented pathways in SS-13 BN (Fig. 3B) .
When all affected pathways were examined, 40% and 36% of the pathways in the renal cortex of Line 5 and Line 26, respec- 1 The online version of this article contains supplemental material. tively, were not among the pathways affected in SS-13 BN (Fig.  4A ). In the renal medulla, 14% and 17% of the pathways in Line 5 and Line 26, respectively, were outside of the pathways affected in SS-13 BN (Fig. 4B) . BN . Genes in several pathways were consistently affected in SS-13 BN , Line 5, and Line 26 compared with SS. They included one overrepresented pathway in the renal cortex and seven in the renal medulla (Fig. 3) . When all affected pathways were examined, including those not overrepresented, 31 of a total of 135 affected pathways in the renal cortex and 54 of 111 in the renal medulla were shared by all three strains (Fig. 4) . Not more than 11 pathways in the cortex and 12 in the medulla would be expected to be shared by all three strains if the pathways were randomly selected.
Congenic Lines 5 and 26 recapitulated a substantial fraction of the pathways altered in the consomic SS-13
Validation of functional changes suggested by gene expression profiles. An important assumption in gene expression profiling studies is that mRNA differential expression could often predict changes in metabolic and/or functional pathways. A proof-of-principle study was performed. NAD(P)H oxidase contributes importantly to oxidative stress in SS rats compared with SS-13 BN rats (20) . Cybb encodes gp91 phox , which is a key subunit of NAD(P)H oxidase. The GeneChip analysis indicated that Cybb was expressed at higher levels in the renal cortex of SS rats than in SS-13 BN , Line 5, and Line 26 renal cortex. Expression in Line 5 was higher than in SS-13 BN (Fig. 5A) . A similar pattern of Cybb expression was observed in the renal medulla in the GeneChip analysis. Real-time PCR analysis confirmed the differential expression of Cybb in the renal cortex, but the differential expression in the renal medulla did not reach statistical significance (Supplemental Table S8 ). We determined urinary excretion of TBARS, an index of lipid peroxidation, in the four strains of rats to examine whether it would be consistent with renal oxidative stress suggested by the gene expression data. As shown in Fig. 5B , urinary excretion of TBARS was significantly reduced in SS-13 BN compared with SS rats. A significant strain-diet interaction was also observed when Line 26 was compared with SS. TBARS in Line 5 tended to be reduced compared with SS, but the difference did not reach statistical significance.
DISCUSSION
The present study suggests several important principles that might be generally applicable to genetic and mechanistic studies of complex physiological processes and diseases.
It appears that multiple, different genomic regions could affect the development of a complex disease by working through shared pathways. This is in agreement with a treelike paradigm that we previously proposed (11) . A complex disease may involve many genes with sequence variations. The genes could impact on various pathways that gradually converge to form shared pathways and impact on the disease. In the present study, Line 5 and Line 26 had two distinct sets of genes introgressed from BN that contained sequence variations compared with SS. Yet, one-third of all pathways altered in the cortex and two-thirds in the medulla were common in Line 5 and Line 26. The shared pathways may represent important, common mechanisms leading to phenotypic changes shared by the two strains including, but probably not limited to, protection from salt-sensitive hypertension and renal injury. The pathways that were unique to each congenic strain are also interesting and may represent a more direct effect of the genes within the substituted region. The effects may include those that will eventually converge to affect shared phenotypes as well as those that affect phenotypes unique to each strain.
Another finding is that the effect of a genomic region on the biology of an organism appears to depend in part on the composition of the rest of the genome. The genomic segments substituted in Line 5 and Line 26 were part of the chromosome substituted in SS-13 BN . In other words, SS-13 BN contains all the genetic variations that exist in Line 5 and Line 26 compared with SS. Yet pathways altered in Line 5 and Line 26 were not just a subset of the pathways altered in SS-13 BN . Each congenic line recapitulated a number of pathways altered in SS-13 BN but also exhibited alterations in pathways that were apparently not affected in SS-13 BN . This suggests that the effect of the genes located in the Line 5 or Line 26 region depends in part on the interaction between those genes and the genes located on the rest of chromosome 13. The latter was the only genomic region that could be different between SS-13 BN and each congenic line.
The interregional interaction that we observed is consistent with the genome background effect that has been demonstrated previously. The effect of specific genes in mice has been shown to vary depending on the strain in which the gene is knocked out or deficient. For example, leptin deficiencies in C57BL/6J ob/ob mice and BALB/cJ ob/ob mice are associated with different disease profiles (18) . The importance of genome background is also clearly demonstrated in the consomic rat panels showing that substitution of BN chromosomes into SS versus Fawn-Hooded Hypertensive rats have very different protective effects against hypertension (12, 13) . The importance of biological context goes even beyond genome background, as a recent study showed that the effect of sequence variations on gene expression was largely cell type specific (6) .
The findings of pathway convergence and interregional interaction suggest that a unidimensional approach is not appropriate for understanding the genetics and mechanisms underlying complex diseases. Multiple genes might affect a disease through common pathways, while each gene could still have its effects through other unique pathways. Moreover, a gene might affect a disease when it is situated within an "appropriate" genome, but might not have an effect when it is located within other genomes. As such, a "specific setting" of hypertension should no longer be defined as broad types of hypertension such as salt-induced versus spontaneous. Instead, the only meaningful way to define a specific setting of hypertension is to specify a detailed genomic makeup and a complete set of environmental factors, in keeping with the principles of individualized medicine. This is critical because, as demonstrated by the present study, the specific biological pathways that are involved in the development of hypertension and perhaps the therapeutic approach that is most appropriate may vary between even slightly different genomic contexts.
The present study also suggested several other points that are more specific to the Dahl model. Line 5 and Line 26 rats exhibited protection from salt-induced hypertension, proteinuria, and oxidative stress that was generally intermediate between SS-13 BN and SS. Line 26 appeared to more closely resemble SS-13 BN than Line 5 did since the protection from hypertension was not significant in Line 5 rats until 9 -12 wk of age. The gene expression profile study was performed in young rats during the early phase of high-salt exposure. The design was intended for identification of gene expression changes that likely contribute to the development of phenotypic differences rather than consequences of large changes in phenotypes. The result indicated that the overall gene expression profiles among the four rat strains were generally consistent with phenotypic differences. The expression profiles in younger Line 5 rats appeared to be predictive of protection from hypertension at an older age. Such "delayed" predictivity could represent an interesting mechanism, but it is entirely speculative at the current stage of our investigation. In addition, modest differences in blood pressure and urinary protein did exist between the rat strains even at the young age, suggesting that some of the gene expression changes we observed could still be secondary to phenotypic differences.
Increased oxidative stress has been reported to be involved in the development of Dahl salt-sensitive hypertension and renal injury in previous studies (4, 15, 20, 23) . The present study suggests that correction of these abnormalities might contribute to the protection seen in SS-13 BN , Line 5, and Line 26 rats. It remains to be determined what genes within the substituted genomic regions initiate changes in oxidative stress pathways and how these pathways eventually contribute to salt-sensitive hypertension and renal injury. It would also be interesting to examine any interaction between these pathways and other pathways, such as local glucocorticoid metabolism (11) and fumarate metabolism (22, 23) , that have been shown to contribute to the protection from salt-induced hypertension in SS-13 BN rats. mRNA profiling approaches provide near-genomewide coverage of genes. However, it is important to recognize that mRNA abundance does not always predict protein abundance or activity. Pathway activations suggested by mRNA abundance profiles should be further examined at protein, metabolite, and/or functional levels, an example of which was provided in the present study. High-throughput analysis of proteomes (21, 22) , microRNAs (10, 21) , and small metabolites would be valuable next steps, even though current technologies only allow the analysis of limited submetabolomes and subproteomes.
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